Experimental
Introduction
Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS), a soft ionization technique, is widely used to identify peptides and proteins, and to determine their structures in detail. 1 In order to further increase the precision of MALDI-MS, it is necessary to unravel the role of desorption/ionization efficiency of peptides and proteins. However, the detailed desorption/ionization mechanism of MALDI-MS still remains largely a mystery. We previously focused on peptides with α-helical formation, and reported that as one of the secondary structures, the α-helix does not correlate with the desorption/ionization efficiency of peptides in MALDI-MS, as well as surface-assisted laser desorption/ionization mass spectrometry (SALDI-MS), and desorption/ionization on porous silicon (DIOS). 2 On the other hand, in 1998, Wenschuh et al. had reported that structurally well-characterized model peptides, displaying stable α-helical or β-sheet structures, show lower signal intensities in MALDI-MS than peptides with disturbed secondary structures. 3 The relationship between desorption/ ionization efficiency of peptides and peptide conformation still remains an enigma.
The oxidative formation of disulfide bonds between cysteine residues stabilizes secondary structures of proteins and peptides, such as α-helix and β-sheet structures do. 4 The disulfide bond-formation system is well-characterized in the periplasm of Escherichia coli, the endoplasmic reticulum and the intermembrane system of mitochondria in eukaryotic cells, and a series of disulfide bond-formation enzymes have been identified. 5, 6 In an ongoing discussion about desorption/ionization efficiency of peptides in MALDI-MS, some peptide chemists have suggested that there is better desorption/ionization efficiency of peptides with disulfide bonds (S-S type) compared to reduced-type peptides (SH type). However, this view has not been substantiated by systematic, comprehensive and quantitative experiments. In the present study, to elucidate the relationship between desorption/ionization efficiency of peptides and the formation of disulfide bonds, we synthesized several sets of peptides forming disulfide bonds, and measured their desorption/ionization efficiency in MALDI-MS.
TFA (trifluoroacetic acid) was added, and peptides with one disulfide bond (S-S type) were purified by reverse-phase HPLC and confirmed by MALDI-MS. Peptides with two disulfide bonds (S-S type), such as tertiapin, α-conotoxin GI, α-conotoxin ImI, α-conotoxin MI and α-conotoxin SI, were purchased from Peptide Institute Inc. (Osaka, Japan). The concentrations of peptides containing Tyr and Trp were determined spectrophoto metrically using absorption coefficients (ε280) of 1280 and 5690 M -1 cm -1 for Tyr and Trp, respectively.
MALDI-MS measurement
The MALDI-MS measurement was performed on a MicroflexAI with a pulsed nitrogen laser (337 nm) in the linear positive ion mode. Peptide and matrix solutions were prepared using 0.1% TFA, and 50% acetonitrile containing 0.05% TFA, respectively. Both the sample peptide (20 pmol/μl) and internal standard peptide (20 pmol/μl) were mixed in equal amount, and the resulting mixture (1 μl) was applied to a stainless-steel sample plate, followed by drying in a vacuum at room temperature. Then, 10 mg/ml α-cyano-4-hydroxycinnamic acid (CHCA) (1 μl) was also applied to the same sample plate, followed by drying in a vacuum at room temperature. Five spots were prepared for one sample, and three spectra of one spot were measured at different positions (total of 15 measurements for one sample). Then, 100 shots were summed up with a random movement of the samples. The addition of the peak heights of [M+H] + , [M+Na] + , and [M+K] + from the internal standard peptides (Ala-substituted peptide) was given as a relative intensity of 100%. Desorption/ionization efficiency of the peptides in MS was calculated from data between sample peptides and internal-standard peptides.
Results and Discussion

Preparation of peptide sets with disulfide bonds
As shown in Tables 1 and 2 , we selected representative peptides with one or two disulfide bonds, such as oxytocin, somatostatin, [Arg 8 ]-vasopressin, [Arg 8 ]-vasotocin, cortistatin, melanin-concentrating hormone, urotensin II-related peptide, tertiapin, α-conotoxin GI, α-conotoxin ImI, α-conotoxin MI and α-conotoxin SI for the following reasons: they are naturally occurring peptides with disulfide bonds; the peptide concentrations could be determined spectrophotometrically at 280 nm, since these peptides contain tyrosine, tryptophan or cysteine residues; each peptide contained a different amino acid composition and sequence. In addition to reduced-type peptides (SH type), alanine-substituted peptides were synthesized as internal standards to use in MALDI-MS. One peptide set consisted of three peptides, such as peptides with one or two disulfide bonds (S-S type), reduced peptides without disulfide bonds (SH type) and internal-standard peptides in which all cysteine residues were substituted with alanine residues (Tables 1 and 2) .
Using Fmoc peptide chemistry, we initially synthesized a set of peptides consisting of Ala-substituted Cysteine residues are shown as bold and square. Alanine residues are indicated by bold and underline. Cysteine residues are shown as bold and square. Alanine residues are indicated by bold and underline. [Arg 8 ]-vasopressin (SH type) (Fig. 1B) (Fig. 1C) . Yang et al. in 2009 reported on peptide-matrix adducts with disulfide-containing peptides after chemical reduction, and the specific interaction between the SH group of cysteine and the α-, β-unsaturated carboxy group of matrix under alkaline conditions. 7 The molecular weight of CHCA is 189.17. Taken together, these results suggest that the ion peak, about 190 larger than [M+H] + , might be derived from the CHCA adduct.
In order to elucidate the relationship between desorption/ionization efficiency of peptides in MALDI-MS and the formation of disulfide bonds, we had to reduce the adduct peaks and background noise. It is well-known that recrystallized CHCA reduces the background noise, and fast evaporation improves the resolution and sensitivity in MALDI-MS, especially for low-mass peptides. 8, 9 Therefore, we utilized the recrystallized CHCA, and performed peptide preparation in an acidic condition, 0.1% trifluoroacetic acid (TFA), and fast evaporation of the matrix-sample solution in a vacuum. As a result, most of the CHCA adduct peak was greatly reduced in the [Arg 8 ]-vasopressin set as well as the other peptide sets (data not shown).
MALDI-MS measurement of peptide sets with or without disulfide bonds
We measured MALDI spectra of a mixture containing the oxidized form of [ + from the internal-standard peptides with those from the reduced form or oxidized form of the peptides. In the case of the urotensin II-related peptide, tertiapin, α-conotoxin ImI and α-conotoxin MI sets, the reduced form (SH type) showed higher desorption/ionization efficiency than the oxidized form (S-S type) in MALDI-MS (Figs. 3 and 4) . On the other hand, other peptide sets (oxytocin, somatostatin, [Arg 8 ]-vasopressin, [Arg 8 ]-vasotocin, cortistatin, melanin-concentrating hormone, α-conotoxin GI and α-conotoxin SI) revealed higher desorption/ ionization intensities in the oxidized form (S-S type) than in the reduced form (SH type) (Figs. 3 and 4) .
It has been reported that several factors, such as suppression effects in peptide mixtures, 10 size, 11 hydrophobicity, 11 the presence of a charged side chain 12 and aromatic amino acids, 12 as well as secondary structure, 3 affect the desorption/ionization . These data suggest that the pI of these peptides might not be related to the desorption/ionization efficiency of peptides in MALDI-MS.
In conclusion, the factors contributing to inconsistent results among the 12 peptide sets studied here are still unclear. In the limited case of oxytocin, somatostatin, [Arg 8 ]-vasopressin, [Arg 8 ]-vasotocin, cortistatin, and melanin-concentrating hormone, desorption/ionization efficiency of peptides with disulfide bonds (S-S type) was about two-times higher than that for the reduced-type peptides (SH type). It also appeared that rigid peptide structures restricted to the formation of disulfide bonds did not correlate with the desorption/ionization efficiency of peptides in MALDI-MS.
Conclusion
Further studies are needed to determine the relationship between the peptide conformation and desorption/ionization efficiency of peptides in MALDI-MS. The results of the present study showed that a rigid structure of peptides formed by disulfide bonds does not correlate with desorption/ionization efficiency in MALDI-MS, similar to the case of α-helices. 2 The relationship between peptides having the β-sheet structure and their desorption/ionization efficiency in MALDI-MS remains to be elucidated.
